The candidate magnetoelectric Pb3Mn7O15 has a structure consisting of 1/3 filled Kagomé layers linked by ribbons of edge-sharing octahedra in the stacking direction. Previous reports have indicated a complex hexagonal-orthorhombic structural transition upon cooling through ∼ 335 K, although its origins are uncertain. Here both structures are revisited using a combination of neutron and synchrotron X-ray diffraction data. Large shifts of oxygen positions are detected which show that the interlayer sites and those which occupy voids in the kagomé lattice are trivially charge ordered in both phases. The symmetry breaking is found to occur due to Mn 3+ orbital ordering on the ribbon sites and charge ordering of the sub-set of layer sites which make up a Kagomé network.
I. INTRODUCTION
Transition metal oxides with spin, charge and orbital degeneracies often undergo symmetry breaking transitions on cooling 1 . Especially complex examples occur when geometrical frustration hinders the long range ordering of one (or more) of these order parameters. This can lead to the emergence of technologically useful properties, for example the multiferroic behaviour found in the REMn 2 O 5 (RE=Y-Lu) materials 2 . Particularly rich behaviour is found in materials containing cations with lone pairs of electrons, such as Pb 2+ or Bi 3+ . The PbMn-O system is a case in point, with Pb 2 MnO 4 predicted to show piezoelectricity and piezomagnetism 3 , and dielectric anomalies 4 discovered in Pb 3 Mn 7 O 15 . The latter is of special interest, as this material is mixed-valence and quasi-layered ( Fig. 1) , with 1/3 filled Kagomé layers connected by ribbons of edge-sharing MnO 6 octahedra and intercalated Pb 2+ cations. The exact crystal structure has been the subject of dispute for many years, and was originally reported as orthorhombic (Cmc2 1 or Cmcm) then revised to hexagonal (P 6 3 /mcm) by single crystal X-ray diffraction [5] [6] [7] . A breakthrough was made in 2009 by Rasch et al who used powder synchrotron X-ray diffraction to confirm an orthorhombic metric and detect weak superstructure reflections that break the C-centring of the ortho-hexagonal √ 3.a x a x c unit cell 8 . Note that in the P nma setting the axes are interchanged such that the layers are stacked in the [100] direction, rather than in the [001] direction found in previous works. A structural phase transition to a hexagonal metric has additionally been shown to occur on warming above room temperature 9 . However, while investigations of magnetic 10, 11 , thermal 12 and dielectric properties 4 have continued apace, there is as yet no consensus on the electronic factors which drive the P 6 3 /mcm to P nma phase transition. This is because of the great complexity of the P nma structure, which contains 30 independent sites with 76 positional variables in a unit cell with V 2300Å 3 . Moreover, the detection of possible charge or orbital ordering relies upon accurate and pre- cise measurements of oxygen displacements. This is extremely challenging by X-ray diffraction due to the presence of heavy elements. Meanwhile, it has recently been reported that the related material Pb 3 Rh 7 O 15 undergoes a resistive transition on cooling below 185 K, which is proposed to occur due to charge ordering 13, 14 . This un- 16, 17 . The results reported here confirm the space groups proposed at room temperature and above, however, shifts of oxygen positions of up to 0.15Å are found. The new structural models show that the phase transition is driven by charge and orbital order, providing a first insight into the electronic correlations in this complex material.
II. EXPERIMENTAL
Polycrystalline Pb 3 Mn 7 O 15 was synthesised from PbO (99.999%, Aldrich) and Mn 2 O 3 (99.999%, Aldrich). Stoichiometric quantities of the reagents were intimately ground, pelleted and reacted under air for a total of four days at 830
• C with several intermediate regrinds. After each stage in the synthesis process the sample was cooled over several hours at a rate of 20
• C/hour to 500
• C then the furnace was switched off. Synchrotron powder X-ray diffraction profiles were collected with the crystal analyser diffractometer ID31 at the ESRF, Grenoble, France. The wavelength of 0.45621(1)Å was calibrated using NIST standard silicon powder. The sample was held in a 0.2 mm borosilicate capillary and rotated to minimise preferred orientation. Data were collected for several hours at room temperature and more rapidly on cooling with a helium flow cryostat. Neutron powder diffraction profiles were collected with the E9 high resolution diffractometer at the Helmholtz-Zentrum Berlin, Germany. The sample was placed in a vanadium can of 6 mm diameter and data collected at room temperature and at 510 K with the aid of a cryofurnace. At 298 and 510 K, a wavelength of 2.806Å was selected with the (311) reflection of the germanium monochromator and data collected for 36 hours. Data were also collected for a further 24 hours at room temperature after selecting a wavelength of 1.79Å with the (511) monochromator reflection. The primary 10" collimator was inserted for all data sets to optimise resolution. Rietveld refinements of structural models against the X-ray and neutron data were performed using the GSAS suite of programs with the EXPGUI interface 18, 19 . The peak shapes for all data were modelled with a pseudo-Voigt peak profile function with the asymmetry correction of Finger et al 20 . For the synchrotron X-ray data, for which the resolution reaches ∆ d/d 1x10 −5 , an hkl dependent Lorentzian broadening function was used. The wavelengths used for the neutron diffraction histograms were refined and the (calibrated) X-ray wavelength held fixed. Crystal structures were visualised, and bond valence sums calculated, using the VESTA software package 21 .
III. RESULTS
All of the diffraction data collected at room temperature and below were consistent with the orthorhombic cell proposed by Rasch et al. However, the temperature dependence of the refined lattice parameters suggests that Pb 3 Mn 7 O 15 is close to a structural phase transition. As shown in Fig. 2a , the b/c ratio approaches √ 3 on warming, and at 298 K, the cell is pseudo-hexagonal. This explains previous anomalous reports of hexagonal symmetry by laboratory X-ray single crystal diffraction, which typically has a lower angular resolution than the powder instruments used here. By fitting a power law, a transition temperature to a metrically hexagonal cell was estimated to occur at ∼335 K. The structure of this phase was investigated using data collected on E9, well above (8) this estimate, at 510 K. This data set does not show any peak splitting that would suggest orthorhombic symmetry ( Fig. 2b ) and was indexed with a hexagonal cell with a = 9.98Å and c = 13.56Å. A Rietveld fit of the hexagonal P 6 3 /mcm structure proposed for Pb 3 Rh 7 O 15 was performed, and rapidly converged with χ 2 = 2.59, R wp = 0.063 and R p = 0.048. No evidence for impurities, or oxygen deficiency was seen. The observed, calculated and difference profiles are shown in Fig. 2c . The refined cell parameters, atomic coordinates and displacement parameters are shown in Table I . These results are similar to those reported 9 very recently by Volkov et al for Pb 3 Mn 7 O 15 at 573 K. However, comparison of their coordinates (derived from XRD) to the neutron data gave a markedly worse fit after refinement of cell parameters, peak shape and displacement parameters (χ 2 = 3.26). The main differences between the two models were found to be small changes in the oxygen parameters due to the greater sensitivity of neutron diffraction to light atoms. At room temperature, the very high resolution synchrotron powder diffraction confirmed that the unit cell is orthorhombic, and this distortion was also clearly resolved in both neutron powder diffraction data sets (Fig.  3) .The systematic absences confirm that the space group is P nma or P n2 1 a. The reflections in the class (k + l) = odd, which rule out A-centring are extremely weak, of the order of 0.5 % of the largest reflection in the X-ray data, but significantly stronger in the neutron powder diffraction profiles. This again indicates the importance of oxygen displacements. A trial Le Bail refinement was performed of the profile variables, zero shifts and neutron wavelengths then intensities were calculated using the model of Rasch et al. With only the scale factors, peak shapes and background functions varied, this refinement converged with χ 2 = 3.74. The residuals for the X-ray histogram were R wp = 9.43 and R p = 7.44 %. For the 2.8Å neutron histogram, R wp = 7.68 and R p = 5.6 %. On varying the atomic positions and displacement factors for each atomic species, the refinement converged with χ 2 = 3.1 and the residuals improved to R wp = 8.89, R p = 6.88 for the X-ray histogram and R wp = 5.0 and R p = 3.8 for the 2.8Å neutron histogram. The excellent quality of the fit makes non-centrosymmetric distortions to a Pn2 1 a structure unlikely. The major changes are shifts of between 0.1 and 0.15Å for five of the oxygen positions, as detailed in Table II . The final refined model allows the proposition of charge and orbital order as discussed below. 
IV. DISCUSSION
Previous attempts to estimate the degree of charge separation in Pb 3 Mn 7 O 15 have suffered from an insensitivity to oxygen displacements or averaging due to twinning in single crystal experiments. In contrast, the combined X-ray and neutron powder diffraction refinement reported here suffers from neither problem and precise atomic positions can be extracted. This is important as both charge and orbital order are evidenced by small shifts of anions in the first coordination sphere. Bond valence calculations 22 were performed using the experimental coordinates as follows. The individual bond valences (V i ) are calculated using the observed bond lengths (R i ):
Here R 0 is a tabulated value specific to the type of bond and the metal oxidation state, and b is an empirical constant of value 0.37Å. The site valence is the sum of the individual bond valences in the first coordination sphere. To ensure an unbiased result, bond valences for each site were calculated using R 0 values for both Mn 3+ and Mn 4+ cations, then averaged. This procedure was performed for both phases, yielding the results given in Table III , which also shows the relationship between the inequivalent sites in both structures. Turning first to the high temperature P 6 3 /mcm phase, the single crystallographic Mn site in the ribbons between the planes, Mn(2), shows a bond valence sum of 2.9. Furthermore, Mn (4), which is the site that occupies 1/3 of the holes in the Kagomé layers, also shows a well defined bond valence sum of 3.9. The only sites that are mixed valence are those which make up the Kagomé lattice itself, lying in the range 3.74 -3.84. These results show that the hexagonal phase of Pb 3 Mn 7 O 15 should be described as only trivially charge ordered, as the sites which show a significant departure from the expected average bond valence sum value are in very chemically differerent environments. This is similar to the situation found in the multiferroic REMn 2 O 5 materials, which also have layers of Mn 4+ cations linked by Mn 3+ sites. Much of the interesting physics associated with mixed valence manganite materials, occurs due to cooperative orbital ordering of degenerate Mn 3+ e 1 g electrons. In order to search for possible Jahn-Teller distortions in both phases, a distortion parameter 23 was calculated for each site as follows:
Here l i are the individual Mn-O bond lengths and l av is the average Mn-O bond length in each octahedron. All of the manganese sites were found to be highly symmetric at 510 K, with distortion parameters falling between 0 and 2.12x10 −2 . This is especially notable for the interlayer Mn 3+ dimer, which is highly regular due to the presence of a mirror plane and three fold site symmetry in the P 6 3 /mcm space group (Figs. 4a and  4b) . Finally, the refined Mn-Mn distances in the 1/3 filled Kagomé layers are shown in Fig. 5a . This distance is found to be slightly larger around Mn(4) (2.907(5) A), which is as expected due to the higher formal charge inferred from the bond valence sums for this site. The Mn-Mn distance in the rest of the layer is slightly shorter (2.870(5)Å) and highly regular by symmetry, which implies frustration of spin, charge and orbital degrees of freedom as discussed in more detail below. Turning now to the room temperature structure, and in particular the splitting of manganese sites shown in Table III , it is instructive to begin with those sites which change least. The site at the centre of the 'stars' in the layers, Mn(4), does not split. Furthermore, the extracted bond valence sum for the equivalent site in the P nma structure, Mn(9), shows that no charge re-distribution has occurred (4.05). The site distortion (which was zero by symmetry in the high temperature structure) also remains small (1.8x10 −2 ). A similar picture, as regards charge degrees of freedom, is found for the Mn sites which occupy the interlayer dimers. These are split into two sites (Mn(4) and Mn (5)), both of which show bond valence sums very close to 3+ (3.06 and 3.04 respectively). However, these sites show a dramatic increase in site distortion (4.3 and 5.02x10
−2 ), which is evidence for a lifting of e orbital is preferentially occupied. This electronically driven effect breaks the three fold symmetry found on these sites and lowers the crystallographic symmetry to orthorhombic. Subtle metal displacements are also found in the P nma structure, as shown in Fig. 5b . This is reminiscent of other spin or charge frustrated systems which undergo long-range order. These distortions help to select a single groundstate configuration out of the degenerate manifold of states. In spinel structured materials, such as CuIr 2 S 4 or Fe 3 O 4 for example, metal positions shift such that octamers 26 or trimers 27 are found. In the present case, the most clearly seen effect is an expansion around the Mn 4+ sites which occupy the holes in the Kagomé lattice. As these sites do not split, or change in oxidation state upon cooling to room temperature, this may indicate a decoupling of the mixed-valence sites which make up the Kagomé network (Fig. 1a) . This interpretation is in accordance with the results shown in Table III , as these two sites are found to split into a total of six in the P nma phase. For each site, a splitting into one site of close to Mn 4+ valence is found (Mn(2)) and Mn(6)) and one with a valence closer to Mn 3+ (Mn(3) and Mn (7)). The third site in each case shows a bond valence almost unchanged from the high temperature value. The Kagomé layers are thus segregated into three equally populate types of sites as shown in Fig. 6 . Notably, none of these sites shows an increased distortion, showing that orbital degrees of freedom are still frustrated at room temperature. The charge order over these sites explains why A-centring is lost in the room temperature structure as the sites at (000) and (0,1/2,1/2) are no longer crystallographically related. The three-fold charge order found here (Fig. 6 ) is different to that seen in materials with frustrated triangular lattices 28,29 such as AgNiO 2 or LuFe 2 O 4 . These materials show a 2:1 ratio of charge rich and poor sites, which may support a (anti)-ferroelectric polarisation 31 . Although spin models showing three-sublattice order have been widely studied on the Kagomé lattice 30 , the arrangement found here does not match any of the commonly found groundstates such as the Q=0 or √ 3 x √ 3 structures. This may be an indication of the importance of longer range interactions which these models do not capture, or might indicate a role for the remaining frustrated orbital degrees of freedom or the Mn 4+ sites which partially occupy the voids. Finally, the partial charge and orbital ordering determined in this work for Pb 3 Mn 7 O 15 at room temperature has implications for the physical properties, in particular the dielectric constant measurements reported elsewhere. The charge ordering pattern does not support either a ferroelectric or anti-ferroelectric polarisation. The peak in dielectric constant 4 which appears around 150 K is therefore probably related to some as yet unknown structural rearrangement which occurs below room temperature. This is in keeping with reports of a small specific heat anomaly 12 and a change in slope of resistivity around 250 K. Further detailed measurements using a combination of X-ray and neutron diffraction measurements, and investigations of the spin order at low temperatures will help to shed more light on this postulated transition.
V. CONCLUSIONS
In summary, the above results resolve a long standing structural question, the origins of the extremely complex distortions found in Pb 3 Mn 7 O 15 at room temperature. In sharp contrast to previous studies [5] [6] [7] [8] [9] [10] , bond valence sums and distortions of the local coordination environment around the Mn cations show a charge and orbital ordering occurs between 510 and 298 K. However, several sites are trivially charge ordered at all temperatures, and the only sites which split in the edge sharing layers are those which make up a Kagomé network.
